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ABSTRACT  The time course and pattern of incorporation of rhodamine-labeled actin microin- 
jected  into cultured  fibroblastic  cells were examined  by fluorescence  microscopy.  Following 
microinjection,  the fluorescent probe was incorporated  rapidly into ruffling  membranes, and 
within 5 min faintly fluorescent stress fibers were observed.  Levels of fluorescence  in ruffling 
membranes then tended to remain constant while fluorescence of the stress fibers continued 
to increase  until  ~,20-min  postinjection.  Small, discrete  regions  of some microinjected  cells 
displayed  high  levels  of  fluorescence  that  appeared  initially  ~,5-10  min  postinjection.  I 
observed these small areas of intense fluorescence frequently  near the cell periphery, which 
corresponded to focal contacts when examined with interference reflection optics. The results 
of this study show that a relationship exists between patterns of fluorescent actin incorporation 
in these cells and cellular areas or structures presumed to play a role in cell movement. These 
findings  suggest  that  actin  within  stress fibers  and  the  microfilament  network  of  ruffling 
membranes undergoes a rapid turnover that may relate  directly to the motility of the cell. 
Actin may comprise as much as 15% of total cellular protein 
in  nonmuscle  cells  (l),  and  has  been  implicated  in  such 
dynamic cellular activities as cytokinesis (2), membrane ruf- 
fling (3, 4), and cell spreading in vitro (5). Evidence for actin 
involvement in these functions stems mainly from observa- 
tions that in areas of high motile activity, such as the cleavage 
furrow in dividing cells or the leading edge in actively moving 
cells,  actin is  present in  a  form and distribution that may 
readily lend itself to force generation (see reference 3 for a 
review). 
A combination of techniques, including biochemical stud- 
ies (6),  electron microscopy (3,  4,  7),  and fluorescence mi- 
croscopy (5, 7), has demonstrated that actin exists irJ cultured 
nonmuscle cells in both the polymerized and nonpolymerized 
forms. Nonpolymerized actin, which may account for 35- 
50% of the total actin in nonmuscle cells (6), is probably not 
present as soluble G-actin, but more likely is complexed with 
one or more of the numerous actin-binding proteins of non- 
muscle cells  (8).  Since the  general ionic conditions of the 
cytoplasm are such that 98 % of cellular actin should be in the 
filamentous form (9), it is obvious that nonmuscle cells pos- 
sess regulatory systems that maintain large portions of their 
actin in a nonpolymerized state, possibly for employment in 
dynamic cellular processes by controlled rapid polymeriza- 
tion. 
Recently, Wang and Taylor introduced the technique of 
fluorescent analog cytochemistry involving microinjection of 
fluorochrome-labeled cellular components into cells and sub- 
sequent determination of their fate (10,  11). Other investiga- 
tors  have  extended this  approach  to  the  study  of cellular 
contractile functions by introducing a variety of proteins and 
substances into cells:  actin (12-19),  tropomyosin (20),  cal- 
modulin (21), tubulin (22),  130,000-mol-wt protein (23),  a- 
actinin (24-26), antiactin antibodies (27),  anti-intermediate 
filament antibodies (28, 29), antimyosin antibodies (30,  31), 
aequorin (32), phalloidin (33-37), calcium (38), chlorotetra- 
cycline (39),  and  N-ethylmaleimide-modified heavy mero- 
myosin (40). 
In  the  present  study,  I  examined some  of the  dynamic 
properties of rhodamine-labeled actin microinjected into cul- 
tured chick fibroblastic cells. My results indicate that exoge- 
nous  rhodamine-actin is  rapidly incorporated into  specific 
subcellular structures and areas containing F-actin and pos- 
sibly  playing a  role in cell motility. These findings suggest 
that the molecular exchange of actin subunits in living cells 
is a dynamic and continuous process. 
MATERIALS  AND  METHODS 
Cell Culture Procedures:  Heart ventricles  from  12-14-d chick em- 
bryos were minced in sterile calcium- and magnesium-free Saline G (CMF Sal 
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Sal G for 30 min at 37°C. Digestions were terminated  by addition of an equal 
volume of F-12 nutrient  medium containing  10%  fetal calf serum,  30 ~g/ml 
penicillin G, and 50 vg/ml streptomycin sulfate. Cell suspensions were filtered 
through single layers of  Nitex cloth, collected by centrifugation, resuspended in 
fresh nutrient medium, and plated into 60-mm diameter Falcon tissue culture 
dishes  (Falcon  Labware,  Oxnard,  CA). The  dishes  were  kept  in  a  humid 
atmosphere  of 5%  CO2/95%  air  at  37"C. Before microinjection,  primary 
cultures were trypsinized and replated at lower densities onto glass coverslips 
and cultured for an additional  24-48  h. 
Fluorescent Labeling of Actin:  Skeletal  muscle actin was prepared 
from an acetone  powder  of chicken breast  muscle (41) and dialyzed against 
buffer G (2 raM Tris-HCI, 0.4 mM ascorbate, 0.2 mM ATP, 0.1  mM CaCl:, 
pH 8.0) to obtain  G-actin.  Concentrations  of unlabeled G-actin  were deter- 
mined  spectrophotometrically  by absorption  at 290  nm using an extinction 
coefficient of  0.63 ml mg  -~ cm  -] (42). Concentrations  of rhodamine-actin were 
measured by the Bradford protein assay (43), which was standardized against a 
spectrophotometrically  determined  O-actin  solution,  l0 mg of iodoacetami- 
dotetramethyl  rhodamine (Research Organics, Cleveland, OH) was placed into 
0.5 ml of acetone, vortexed, and added to 3 ml of buffer G containing  8 mM 
ATP at pH 10.5-1 I. This dye solution was added dropwise to 12-15 mg of G- 
actin in 4 ml of buffer G. Mixtures were titrated  to pH 8.5 with 0.1  N NaOH 
and stirred for 2 h at room temperature. The actin was polymerized by addition 
of 3  M  KCI and  l  M  MgCl2 to  final  concentrations  of  100  and  2  raM, 
respectively, and sedimented  by centrifugation  at  100,000 g for 3 h. F-actin 
pellets were depolymerized  in  600  mM  KI,  desalted  on  a  Sephadex  G-25 
column (42), and clarified by centrifugation at 100,000 g for 2 h. Rhodamine- 
actin preparations  were taken through another polymerization/deploymeriza- 
tion cycle and stored at 4°C for no more than 24 h before use in experiments. 
Dye/protein ratios were determined to be 0.4-0.6 using an extinction coefficient 
of 2.4  x  10-' cm  -~  M  -~ at 555  nm for rhodamine-actin  (44). Viscosities of 
labeled and unlabeled F-actin solutions were measured using a Cannon-Man- 
ning semi-microviscometer Model 150 (Cannon Instrument Co., State College, 
PA) (42). 
Microinjection and Microscopy:  The microinjection system used 
was similar to that described by Diacumakos  (45). Coverslips with attached 
cells were inverted to form the top ofa microinjection chamber, which consisted 
of a U-shaped plastic support resting upon a 45  x  50 mm No. 2 coverglass. 
During microinjection  and observations within 5 rain postinjection, chambers 
were filled with Saline G. For observations during later periods of the experi- 
ments, Saline G was replaced with nutrient medium.  Injection  micropipettes 
were formed  from 0.9  (inner diameter)  x  1.2  (outer  diameter)  x  100  mm 
Omega Dot capillary tubes (Frederick Haer & Co., Brunswick, ME) which had 
been soaked consecutively in acetone and nitric acid, and rinsed extensively 
with three times glass-distilled water and dried. Micropipettes were pulled on a 
DK1700C capillary puller (David Kopf  Instruments, Tujunga, CA) and shaped 
on a laboratory-made  microforge. Rhodamine-actin  (2-3 mg/ml in buffer G) 
was backloaded  into  micropipettes  which then were mounted onto a micro- 
manipulator  (E.  Leitz, Inc.,  Rocldeigh,  NJ).  Injections,  observations,  and 
photography  were performed on a Zeiss Standard  microscope equipped  with 
epifluorescence optics. Interference  reflection microscopy was done as previ- 
ously described (46). Exposures were taken  on Ilford XP-I 35  mm film and 
developed for 6.5 min at 40"C in Ilford XP-I chemicals. 
The amount of rhodamine-actin  microinjected into cells was estimated by 
the following means.  Cells were injected in their  perinuclear  region with the 
micropipette  remaining  in the cell until  ~20-30%  of the cell area, as micro- 
scopically viewed, displayed the injection fluid. By approximating  cell area to 
cell volume, and knowing the concentrations  of rhodamine-actin  (2-3 mg/ml) 
and endogenous actin in fibroblasts (8 mg/ml) (47), the injected rhodamine- 
actin was estimated to represent roughly I 1% of total endogenous actin (30% 
x  3 mg/ml/100%  x  8 mg/ml = 0.1 l). 
RESULTS 
Controls 
VISCOSITY OF ACTIN SOLUTIONS:  The ability ofactin 
to polymerize with a  concomitant increase in viscosity is a 
fundamental  biochemical property of the  protein.  Ostwald 
capillary viscometry was  used  to  compare the  viscometric 
properties of unlabeled  actin  and  rhodamine-actin.  Fig.  1 
summarizes these studies and  indicates that in  the  protein 
concentration range tested, both unlabeled and labeled prep- 
arations displayed similar viscosities. 
NONSPECIFIC  BINDING  OF  RHODAMINE-ACTIN"  In 
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FIGURE  I  Ostwald  capillary viscometry of  labeled  (O)  and  unla- 
beled (O) F-actin solutions.  G-actin solutions were polymerized by 
the addition of 3 M  KCI and  1 M  MgCI2 to final concentrations of 
100 and 2  mM,  respectively, then incubated for 6  h at 25°C.  The 
solid  line indicates the slope generated  by the  unlabeled  F-actin 
preparations. Each point represents the average of two independent 
samples, each of which was measured twice. 
a  recent report, rhodamine labeled  a-actinin was shown to 
bind  to  stress  fibers  in  demembranated  fibroblasts  in  an 
arrangement similar to that of immunofluorescence with anti- 
a-actinin antibodies and to microinjected a-actinin (48). To 
provide evidence that the patterns I obtained in microinjected 
cells  reflected  active  cell-mediated  actin  incorporation and 
not passive binding of rhodamine-actin to cytoplasmic struc- 
tures, cardiac myocytes, and fibroblasts were permeabilized 
with 0.5%  Triton X-100 and 0.37% formaldehyde in PBS for 
5  min,  and postfixed  in  3.7%  formaldehyde in PBS  for 20 
min,  before  incubation  with  rhodamine-actin  (200  ug/ml) 
and buffer G  for  l0  min.  Fig.  2  shows that this treatment 
resulted in low uniform fluorescence in the cytoplasm, com- 
paratively  higher  nuclear  fluorescence  and  no  discernible 
binding  of the  probe  to  either  stress  fibers  or  myoflbrils. 
However, fixation of these cells introduces the possibility that 
any sites providing for passive binding of the fluorescent probe 
were destroyed. 
MICROINJECTION  OF  FITC-OVALBUMIN:  As  a  sec- 
ond  control to demonstrate that patterns of fluorescence in 
microinjected cells  represented  functional  incorporation of 
rhodamine-actin, I injected living fibroblastic cells with FITC- 
ovalbumin,  a  noncytoskeletal protein.  Upon  injection  this 
protein diffused freely into the cytoplasm and within minutes 
achieved a fluorescence distribution that did not change over 
the observation period of I h (Fig.  3). Phase-contrast micros- 
copy  of these  injected  cells  showed  numerous stress fibers 
(Fig.  3 a,  arrows) that were not fluorescent when the same 
cells were examined under UV illumination. Some regions of 
cells microinjected with FITC-ovalbumin appeared less fluo- 
rescent, especially along the periphery. The fluorescent cell in 
Fig.  3 b showed a marked transition in fluorescence intensity 
that may exist due to a change in cell thickness or the presence 
of cellular structures in the perimeter region which excluded 
FITC-ovalbumin (Fig.  3 b, arrow). 
SDS  PAGE  OF  RHODAMINE-ACTIN:  To critically inter- 
pret fluorescence patterns observed in microinjected cells it 
was important to ascertain the level of fluorescent substances 
that were not associated with polymerization competent rho- 
damine-actin. At least four sources of nonspecific fluorescence 
were possible: (a) free dye: any rhodamine that had not reacted 
covalently with actin, yet was carded through the purification 
procedures;  (b)  degradation  products  of  rhodamine-actin: FIGURE 2  Phase-contrast  and  matching  fluorescence  images of 
permeabilized, fixed  cells  incubated with  rhodamine-actin. The 
phase-contrast  micrograph  (a) demonstrates  the numerous myofi- 
brils  of the myocytes (single arrowhead) and stress fibers  of the 
fibroblastic cells (double arrowheads).  The matching fluorescence 
photomicrograph (b) shows that neither  the myofibrils nor the stress 
fibers bind the rhodamine-actin, x  640. 
spontaneous or proteolytic degradation of rhodamine-actin, 
resulting in nonfunctional fluorescent peptides; (c) trace pro- 
tein  contaminants:  such  as tropomyosin, which  may  have 
contaminated actin preparations and were labeled with the 
fluorescent dye;  and  (d)  denatured  rhodamine-actin:  actin 
that had denatured during the labeling and purification pro- 
cedure  (different  batches  of dye  were  found  to  contribute 
significantly to this source of contamination). The purity of 
rhodamine-actin was monitored by gel electrophoresis. Fig. 4 
shows rhodamine-actin subjected to electrophoresis in a  10% 
SDS polyacrylamide gel. Other than very slight fluorescence 
associated with the  dye front,  only the  actin  band  showed 
fluorescence. Electrophoresis in SDS polyacrylamide gels can- 
not reveal whether actin migrating at 42,000 mol wt is native 
or  denatured.  To  ensure  the  biochemical  integrity  of the 
probe, I subjected the rhodamine-actin to at least two poly- 
merization/depolymerization  cycles  after  labeling  with  io- 
doacetamidotetramethyl  rhodamine,  and  always  used  it 
within 24 h for microinjection. 
Time  Course  of Rhodamine-Actin  Incorporation 
Results reported in this paper are based on observations of 
at least 300 microinjected fibroblastic cells.  Immediately fol- 
FIGURE 3  Phase-contrast and matching fluorescence photomicro- 
graphs of a fibroblastic cell 1 h after microinjection of FITC-oval- 
bumin. By phase-contrast microscopy numerous stress fibers were 
observed (a, arrows) which were not fluorescent when the same 
cell was examined by epifluorescence illumination. Regions along 
the perimeter of this cell were much less fluorescent than central 
portions and a distinct transition existed between the fluorescence 
intensities of these areas (b, arrow), x  750. 
FIGURE 4  Fluorescence  photo- 
graph of rhodamine-actin  electro- 
phoresed in SDS polyacrylamide. 
Other than small amounts of flu- 
orescence  at  the  dye  front and 
the fluorescence  associated with 
actin,  the  lane  shows  no  other 
fluorescent bands. 
lowing  microinjection,  rhodamine-actin  spread  rapidly 
through  the  cytoplasm of fibroblastic cells and  resulted  in 
uniform cellular fluorescence. Less than 5 min after injection 
there  was a  pronounced fluorescence increase  in  cell  areas 
corresponding to ruffling membranes, with maximum fluo- 
rescence levels obtained in these regions  ~ 5-min postinjec- 
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intensity between the ruffling membrane and more interior 
areas of the cell was quite substantial (Fig.  5 b). Some of the 
interior cellular regions, particularly those directly adjacent to 
the  ruffling membrane, were as  nonfluorescent as  the  sur- 
rounding  substrate.  Peripheral  fluorescence in  areas of the 
ruffling membrane was of uniform width (single arrow, Fig. 
5 b) or quite varying in width (double arrows, Fig. 5 b). 
Fluorescence  in  stress  fibers  initially  appeared  ~5-min 
postinjection (Fig.  5b), and by 10 min was quite prominent 
(Fig. 5 d). The fluorescence level of stress fibers continued to 
increase until ~20-min postinjection, then tended to remain 
constant. Additionally, incorporation of rhodamine-actin into 
stress fibers was simultaneous along the entire length of the 
fibers (with  the  exception  of some  stress  fiber termini,  as 
noted in the next section). Fluorescence incorporation did not 
originate at one end of a  stress fiber and progress its length. 
No periodicities of fluorescence distribution  in  stress fibers 
were observed. In some cells,  polygonal fiber networks (47) 
also incorporated rhodamine-actin with rates similar to stress 
fibers (data not shown). 
During the course of these experiments ft was noted that 
FIGURE  S  Phase-contrast and corresponding fluorescence images of chick heart fibroblastic cells microinjected with rhodamine- 
actin. Time points following injection are 5 min (a and b),  10 min (c and d), and  1 h  (e and h. At 5-min postinjection, a distinct 
band of fluorescence  is evident along the cell  periphery in the region of the ruffling membrane (b), which  may be of uniform 
width (single arrow) or of various widths (double arrows). By  10 min after microinjection, fluorescence can be seen in both the 
ruffling membrane and stress fibers, e and f show a wedge-shaped cell at 1-h  postinjection, demonstrating incorporation of most 
rhodamine-actin into stress fibers. Bar, 20 ~m. x  820. 
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varied widely among microinjected cells.  In  some cells  the 
injected probe remained diffuse with little stress fiber incor- 
poration. Other cells incorporated most of the injected probe 
into stress fibers leaving very little interfibrillary cytoplasmic 
fluorescence. In general, a correlation existed between cellular 
morphology and distribution of rhodamine-actin. Polygonal- 
shaped cells usually incorporated most of the injected rhoda- 
mine-actin  into  stress  fibers while  wedge-shaped  cells  fre- 
quently displayed a more uniform fluorescence pattern. How- 
ever, these generalities did not hold for all cells observed. Fig. 
5, e and f, show a wedge-shaped cell at 1 h postinjection. Most 
of the rhodamine-actin had been incorporated into the many 
stress  fibers oriented with  the  long  axis  of the  cell.  Note 
especially the very low levels of fluorescence in the interfibril- 
lary space of the perinuclear region, and the lack of fluores- 
cence in the putative leading edge. This example demonstrates 
that cell shape alone is not a reliable indicator of rhodamine- 
actin distribution and other factors such as rate of cell move- 
ment are likely to influence these patterns. 
Rhodamine-Actin Incorporation and 
Focal Contacts 
Of the  cells  microinjected with  rhodamine-actin,  many 
showed particularly bright patches of fluorescence that were 
noticed shortly after injection. These patches showed a strik- 
ing similarity to  fluorescence patterns seen in  cells  stained 
with antibodies to vinculin, a  protein selectively present in 
focal contacts (46). This prompted an examination of  the cells 
by interference reflection microscopy to study the relationship 
between these patches and the substrate contact points of the 
cells. Interference reflection optics revealed that many of the 
fluorescent patches corresponded to  focal contacts and ap- 
peared to be at stress fiber termini (Fig. 6, arrows). Addition- 
ally,  these  areas  frequently  corresponded  to  phase-dense 
patches (Fig. 6 a, arrow). 
These patches were most conspicuous in the time period of 
5-10 min postinjection, which was slightly before stress fibers 
reached their maximum  levels  of fluorescence. In  cells  ex- 
amined  20-30  min  after injection, the  fluorescent patches 
decreased in relative prominence as stress  fibers that led to 
such  focal  contacts  progressively  incorporated  increasing 
amounts of rhodamine-actin. 
DISCUSSION 
This paper presents  information demonstrating that  fibro- 
blastic cells rapidly incorporate rhodamine-actin into selective 
subcellular structures that have been implicated in cell motil- 
ity  and  cytoskeletal functions.  Leading  edges  and  ruffling 
membranes are areas commonly present in tissue culture cells 
undergoing locomotion, and in this study, showed a marked 
increase in fluorescence following microinjection, reaching a 
maximum level by 5-min postinjection. Stress  fibers usually 
are assigned a cytoskeletal role because of  the inverse relation- 
ship between their number in a cell and the rate of cellular 
movement (5).  In  the  present study,  stress  fibers began to 
show fluorescence ~5-min postinjection and, in contrast to 
ruffling membranes, continued to increase in fluorescent in- 
tensity until a maximum level was achieved ~20-min postin- 
jection. 
Results described in this manuscript corroborate and extend 
findings recently reported by Kreis et al. (18). In their study 
of rhodamine-actin  dynamics  in  chicken  gizzard  cells  by 
fluorescence photobleaching recovery, they discovered that 
the leading edge displayed the highest rate of rhodamine-actin 
mobility of all  cellular domains studied. Additionally, their 
reported half-time of 10  min  for fluorescence recovery in 
stress fibers agrees well with my observation that maximum 
levels of fluorescence in stress fibers were achieved by 20-min 
postinjection. 
Several possibilities  exist that  may explain the  relatively 
faster incorporation of actin into ruffling membranes. Micro- 
filaments of the ruffling membrane are usually present as a 
network of individual filaments, rather than as the bundles 
characterizing stress  fibers (4).  Thus,  the  filaments of this 
region are probably more accessible  to microinjected actin. 
The faster rate of fluorescence increase, therefore, may simply 
reflect higher availability of polymerization sites in filaments 
of the ruffling membrane than in those of stress fibers. Alter- 
natively, faster incorporation rates in the ruffling membrane 
may stem  from the  high  motile activity characterizing the 
area. Breakdown, assembly, and rearrangement of actin fila- 
ments probably are required for these motile activities, which 
include extension and retraction of the lamellapodium.  In- 
creased rates of  incorporation, therefore, may reflect increased 
filament turnover, which  is  presumed to  require a  readily 
available pool of G-actin. 
FIGURE 6  Phase-contrast,  fluorescence,  and  interference  reflection  images of  a  portion of  a  chick  heart  fibroblastic cell 
microinjected with rhodamine-actin at 10-min postinjection. By fluorescence  microscopy (b) bright patches of fluorescence  can 
be seen at and near the cell perimeter which correspond to phase-dense regions seen by phase-contrast microscopy (a) and to 
focal contacts seen by interference reflection microscopy (c). Bar, 20/Lm. × 900. 
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structures. It is possible to observe single stress fibers in some 
cells by phase-contrast optics for several hours without noting 
drastic changes in length or appearance (3).  Thus, the swift 
appearance of fluorescence in  stress fibers of microinjected 
cells  is  surprising  and  suggests  that  these  morphologically 
stable structures are in fact relatively dynamic at a molecular 
level. Moreover, the incorporation of fluorescence uniformly 
along the  length  of stress fibers suggests  that  they contain 
numerous polymerization sites, and hence may be comprised 
of many short microfflaments. Presently, the exact form of 
actin  as it is incorporated into  stress fibers is unknown.  It 
may be recruited  as simple G-monomers, or the  cell  may 
construct oligomers or short fragments outside of stress fibers 
with  subsequent  incorporation.  Focal  contacts  are discrete 
areas where the underside of the cell is within  15 nm of the 
substrate. These areas usually correspond to adhesion plaques 
and are generally located at the terminating tips of microfila- 
ment bundles (50).  The results presented here demonstrate 
that there is an early and distinct recruitment of rhodamine- 
actin  into  focal contacts following microinjection  of fibro- 
blastic cells. It is not clear whether this selective incorporation 
represents a molecular exchange that is of functional signifi- 
cance, or merely reflects a high number of potential polym- 
erization sites in the area. 
Metabolic half-lives of actin and myosin in cultured fibro- 
blasts have been reported to be a  minimum of 2.5  d  (51). 
Therefore,  the  rapid  appearance  of rhodamine-actin  in  F- 
actin-containing  structures  of microinjected  cells  probably 
does not represent metabolic protein turnover (i.e.,  biosyn- 
thesis and  degradation).  More likely,  results of the  present 
study suggest a constant cycling of actin through these struc- 
tures, with little protein degradation. Additionally, the width 
of ruffling  membrane  fluorescence,  as  well  as  stress  fiber 
length, displayed no discernible increase during incorporation 
of rhodamine-actin. It seems likely then that as rhodamine- 
actin molecules were being incorporated, other actin mole- 
cules were removed. Filamentous actin in vitro undergoes a 
continuous  exchange with  available G-actin, without a  net 
change of overall filament length (47).  My findings suggest a 
similar phenomenon for actin filaments in vivo. Immediately 
following  microinjection,  rhodamine-actin  would  become 
part of the cell's nonfilamentous pool of actin and serve as a 
tracer for that pool. The exchange process at this point would 
be represented by incorporation of both rhodamine-actin and 
endogenous unlabeled actin from the cell's existing nonpo- 
lymerized actin pool, and removal of endogenous unlabeled 
actin molecules from filaments. Subsequent to this would be 
a period of equilibration during which rhodamine-actin would 
be uniformly distributed into both the polymerized and non- 
polymerized actin  pools of the  cell.  The exchange process 
following equilibration of the probe would be represented by 
equal  numbers of rhodamine-actin molecules entering and 
leaving the filaments. A mechanism of this sort would explain 
the  rapid  appearance  of fluorescence  in  stress  fibers  and 
ruffling membranes immediately following injection and its 
subsequent persistence. I have noted similar rhodamine-actin 
incorporation dynamics in  myofibrils of microinjected car- 
diac myocytes (19), indicating that the basic subunit exchange 
mechanism of F-actin may be the same regardless of cell type. 
The results of the present study support the increasingly 
widespread notion of  the dynamic nature ofactin in vertebrate 
cells. A considerable portion of the actin in nonmuscle cells 
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exists in the nonpolymerized state (6),  despite general cyto- 
solic ionic conditions which prescribe that most of the actin 
should be in a filamentous form. The numerous actin binding 
proteins may serve to maintain this large pool of nonpolym- 
erized actin (8).  Therefore, it seems likely that a balance of 
factors affects the state of actin polymerization in the cytosol: 
ionic conditions favoring polymerization versus actin binding 
proteins maintaining filament length and favoring nonpolym- 
erized forms. With this background one must then consider 
the possible perturbing effects of microinjected rhodamine- 
actin. The introduction of pure G-actin into the cytoplasm is 
bound  to  upset,  to  an  unknown  degree,  the  equilibrium 
between polymerized and nonpolymerized actin. Due to in- 
tracellular ionic conditions the tendency will  be for the in- 
jected  actin  to  polymerize  immediately.  However,  at  the 
injection concentrations used in this study (2-3 mg/ml), the 
initial fluorescence was always uniform, which may represent 
a nonpolymerized state. If this is, in fact, a nonpolymerized 
form of actin, then it suggests a sufficient abundance ofactin- 
binding proteins in the cell to prevent immediate polymeri- 
zation. It is interesting to note, however, that cells do appear 
to have definite limits to their ability to control injected actin. 
Microinjection  of rhodamine-actin  at  concentrations  three 
times higher than those used in the present study resulted in 
immediate formation of long wavy filaments or structures 
resembling actin paracrystals (data not shown). These unusual 
actin structures were observed in cells up to 2 h postinjection, 
but no long-term study has been done to see if cells eventually 
depolymerized them. 
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